Introduction
Oceanic islands offer excellent environments for the study of evolutionary and biogeographic processes (Soja, 1982; Whittaker and Fernández-Palacios, 2007) . They are particularly valuable for the study of long distance dispersal, speciation and adaptation, as their ecosystems are in general biologically simpler than their continental counterparts. Like other oceanic islands, the Macaronesian archipelagoes (including Azores, Madeira, Canary, Salvage and Cape Verde islands) offers outstanding examples of endemism and adaptive radiations, e.g. Echium (García-Maroto et al., 2009 ), Crambe (Francisco-Ortega et al., 2002 , Aeonium (Jorgensen and Olesen, 2001; Olesen et al., 2012) , Sonchus (Kim et al., 1996) , Tolpis (Mort et al., 2003) , Cistus (Guzmán and Vargas, 2005) and Campanulaceae (Olesen et al., 2012) , among others. Many of these endemics show convergent evolution of insular woodiness and other morphological plant traits.
One such example of parallel evolution is the repetitive convergence of a set of floral traits (i.e. a pollination syndrome), including copious dilute nectar, lack of scent, robust flowers, and red/orange colors, apparently as adaptations to attract opportunistic passerine birds as pollinators (Vogel et al., 1984; Olesen, 1985; Dupont et al., 2004; Valido et al., 2004; Valido and Olesen, 2010) . In these islands, floral adaptations to attract opportunistic passerine birds have been proposed in at least 13 endemic species from six plant families (Valido et al., 2004) , which represent around 0.4% of the native flora. However, the role of these passerine birds as effective pollinators has been conclusively demonstrated in only two species, Isoplexis canariensis (Plantaginaceae) and Canarina canariensis (Campanulaceae) Valido, 2008, 2011; Ollerton Table 1 Differences in floral traits between bee-and the putatively bird-pollinated species of Macaronesian Lotus. Although in some examples floral scent is lost in the transition to bird pollination, in this case both the putatively bird-pollinated species and their closest bee-pollinated relatives appear to be unscented (at least for human detection).
Floral trait
Bee Rodríguez-Rodríguez et al., 2013) . Despite the presence of many species with a bird pollination syndrome, there is as yet little understanding of the mechanisms by which all these floral adaptations evolved in such diverse plant lineages in a geographic region that lacks specialist nectarivore birds (e.g. sunbirds and hummingbirds) (Valido et al., 2002 (Valido et al., , 2004 . Flower color modifications associated with bird pollination have been well characterized in other plant groups (Cronk and Ojeda, 2008; Rausher, 2008) . To date most studies at the biochemical level have involved floral transitions to hummingbird pollination while flower color transitions in oceanic island environments, under the selection of opportunistic passerine bird visitors (rather than specialist nectar feeding species) is largely unexplored. Here we address the evolution of red/orange flowers in the "rhyncholotus group" of Macaronesian Lotus. The majority of the nearly 40 Macaronesian species within this genus have the usual floral traits (such as yellow petals) found in continental Lotus, as in the widespread L. corniculatus, and which are strongly associated with bee pollination (Hohmann et al., 1993; Proctor et al., 1996) . Floral traits associated with bird pollination are present in four species within this genus (all in the Canary Islands) and the transition from their closest bee-pollinated ancestors (Allan et al., 2004; Degtjareva et al., 2006; Ojeda et al., 2012a,b) involved not only a change from yellow to red/orange flowers, but several additional floral traits, including changes in flower size, shape, orientation, flower longevity, petal micromorphology, as well as nectar composition and concentration that is characteristic of bird pollinated plants (Olesen, 1985; Dupont et al., 2004; Valido et al., 2004; Ollerton et al., 2009; Ojeda et al., 2012a,b) (Fig. 1A and B and Table 1 ).
Rhyncholotus group species are very rare in the wild so the only direct observations of floral visits by birds, Phylloscopus canariensis (Phylloscopidae), are from cultivated plants of Lotus berthelotii from Tenerife, Canary Islands (Stelzer, 2005; Ollerton et al., 2009) . We have observed honey bees and ants visiting flowers of this group (Ojeda and Santos-Guerra, 2011 ), but they do not behave as legitimate pollinators. Further studies are needed to determine the effectiveness of passerine birds in pollinating these species. Interestingly, pollination interactions with lizards have also been observed in Lotus maculatus (Siveiro and Rodríguez-Rodríguez, 2012 ) and in L. berthelotii (Ollerton et al., 2009) and Lotus maculatus (S-RR 2012) (Ollerton et al., 2009) . While noting that the circumstantial evidence for bird pollination is very strong we nevertheless refer to this group as "putatively bird-pollinated" because of the lack of direct evidence of pollen transfer by birds. Despite the marked differences in flower morphology between the four putatively bird-pollinated species and their closest bee-pollinated ancestors, the bird pollination syndrome in Lotus evolved relatively recently within the last 2 Mya (Ojeda et al., 2012a,b) .
One striking characteristic of some bee-pollinated Macaronesian Lotus species is their ability to modify flower color after anthesis (Sandral et al., 2006) . Flower color change is not unique to the Macaronesian Lotus species, as this phenomenon has been observed in other continental Lotus species (Weiss, 1995) . Observations in other groups suggest that color change is cued by pollination, although unpollinated flowers will also change color, although more slowly (Jones and Cruzan, 1999) . We have been able to make extensive observations of color change, both of wild plants in the field in the Canary Islands, as well as of cultivated plants in nurseries and gardens. Flowers after anthesis may modify coloration from yellow/cream (prechange) to brown, pink, orange, purple or red (postchange) depending on the species (Fig. 1D-H) . In this study we investigate first whether the four putatively birdpollinated Lotus evolved in lineages with the capacity to modify flower color after anthesis and second, the pigment modifications involved in the transition. In particular we wish to answer the following questions: (1) Is the ability to modify flower color associated with the evolution of red/orange flowers in this group? (2) Are prechange and postchange flowers likely to be perceived differently by pollinators in bee-pollinated species? Similarly, (3) are the putatively bird-pollinated flowers likely to be less discernible by insects than bee-pollinated flowers from the foliage background? (4) What were the modifications in pigment composition and expression of anthocyanin genes during the evolutionary transition in flower color and how does this compare with developmental post-anthesis flower color change? The answers to these questions will then be used to discuss the more general hypothesis that developmental flower color change is a pre-adaptation for the evolutionary transition to bird pollination syndrome.
Materials and methods

Reconstruction of flower color change
Color change was coded as a binary character (absence and presence of flower color change) and the evolution of this trait was mapped on a maximum parsimony phylogenetic tree of the group based on four gene regions (ITS, Cytochrome B6, trnH-psbA and matK) (Ojeda et al., 2012a,b) . The phylogenetic analysis analysis gave 451 nearly identical equally parsimonious trees, and for the mapping analysis we selected one of these at random.
Flower color modification after anthesis was analyzed using parsimony (DELTRAN) as implemented in MacClade 4.0 (Maddison and Maddison, 2005) . Ancestral state reconstruction was carried out using Mesquite (Maddison and Maddison, 2011) . Flower color change was recorded for each species based not only on our own field observations, but also on cultivated plants in botanical gardens (Jardín de Aclimatación de la Orotova and Jardín Botánico Canario "Viera y Clavijo"), and on plants cultivated at the University of British Columbia (UBC) glasshouses. For those species that were neither cultivated nor observed in situ in the field, flower color was obtained from the literature (Monod, 1980; Mader and Podlech, 1989; Brochman et al., 1997; Jardim and Francisco, 2000; Bramwell and Bramwell, 2001; Sandral et al., 2006) .
Measurement of petal reflectance spectra
In order to infer the insect visual receptors likely to be stimulated by each flower color, we measured the reflectance of petals of different flower colors. Petal reflectance was measured in situ using fresh collected flowers. Measurements were taken using a portable spectrophotometer ( The Netherlands) connected to Deuterium-Halogen DH-2000 lamp (DT-MINI-GS-2; Ocean Optics). Reflectance was measured as the proportion of a standard white reference tile (WS-1-SS; Ocean Optics). We used a coaxial fiber cable (QR-400-7-UV-VIS-BX; Ocean Optics) for all measurements and held the distance between the sample and the measuring probe constant. The angle of illumination and reflection was fixed at 45 • . Data were processed with Spectrasuite software (version 1.0; Ocean Optics) and calculated in 5-nm-wide spectral intervals over the range of 300-700 nm. The three types of petals were measured separately on the side naturally exposed to pollinator vision (adaxial side of the dorsal petal, and abaxial side of lateral and ventral petals). All measurements were taken five times on the same section of the petal (middle part) for each individual, and the averages of these measurements were used to estimate the reflectance graph for each species. We measured between 5 and 10 petals for each species collected from different individual plants. Overall, 19 species were analyzed, including all four putatively bird-pollinated species, five yellow bee-pollinated species that do not change color, and 10 beepollinated yellow/cream species that change color after anthesis (measured both before and after the color change) ( Table S1 ). The species included represent all postchange flower colors reported in this group, except pink and brown, which were not available for this study. Supplementary material related to this article found, in the online version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
Reflectance graphs of each species were later classified according to their correspondence to action spectra of the four visual receptors found in pollinating organisms (UV, blue, green and red) (Chittka et al., 1994) .
Pigment extraction and composition analysis
In order to determine the type of pigments produced in the flowers of each species and their modifications during pollination shifts, the three types of petals (dorsal, lateral and ventral) were separated from the rest of the flower and dried in silica gel. Pigments were extracted from petal samples (20 mg) with an extraction buffer (MeOH/H 2 O/AcAc) and later treated with HCl 2N at 100 • C for 30 min (Shimada et al., 2005) . Samples dissolved on the same extraction buffer were injected via infusion into an LC Agilent 1100 series light chromatograph (LC-MS) with a LC7MSD trap XCT Plus. Two replicates from different individuals were analyzed for the focal species (L. sessilifolius and L. berthelotii) in order to assess individual variation, but the remaining species were analyzed only in one individual, as the individual variation in pigment composition was minimal.
Pigments were identified using retention times of a mixture of six anthocyanin standards (cyanidin, peonidin, pelargonidin, petunidin, delphinidin and malvidin; Chromadex, Irvine CA) and three flavonols (quercetin, kaempferol and isorhamnetin; Sigma-Aldrich Co., St Louis, MO) prepared and analyzed under similar conditions. In total 20 species were analyzed, representing all flower colors reported in the bee-pollinated group. This sample included five yellow bee-pollinated species that do not modify flower color after anthesis and nine yellow/cream bee-pollinated species that change flower color after anthesis (both flower colors, i.e. prechange and postchange, were measured for each species). Our data set also included the four putatively bird-pollinated species and two species from section Lotus, the model legume L. japonicus and L. filicaulis, the latter a species that changes flower color after anthesis from yellow to red (Table S2) .
Supplementary material related to this article found, in the online version, at http://dx.doi.org/10.1016/j.plantsci.2004.08.011.
The relative amount of each pigment was calculated from the area under the peaks in the MS spectra for each pigment identified using the LC/MSD trap software 5.2. The resulting data were used to establish which branches of the anthocyanin pathways were active, and to determine pigment pathway alterations during transitions of flower color within the bee-pollinated group (prechange vs. postchange) and between the bee-and putatively bird-pollinated species. 
Determination of the anthocyanin pathway branches active in Macaronesian Lotus
In order to further explore the activity of the anthocyanin pathway, and its different branches in this group during flower color transitions, we analyzed the expression of six structural genes of the flavonoid pathway using semi-quantitative reverse transcriptase PCR (RT-PCR). Gene expression comparisons in mature flowers (stage 13) at two sampling points (prechange and postchange when applicable) were carried out in five species: Lotus japonicus (which does not change color), its close relative Lotus filicaulis (Lotus section Lotus), L. sessilifolius var. pentaphyllus (section Pedrosia, closely related to the putatively bird-pollinated group, and with red postchange flowers), and two species from the putatively bird-pollinated ("rhyncholotus group"): L. berthelotii (with red flowers) and L. maculatus (yellow/orange flowers). For the focal species, L. berthelotii, L. maculatus and L. sessilifolius, we analyzed two replicates for each species from a pool of flowers from the same individual. All flower tissue was collected between 9:00 am and 11:00 am on the same day, immediately placed in liquid nitrogen and stored in -80 • C until further RNA extraction. All plants of the five species for this study were cultivated at the University of British Columbia (UBC) experimental glasshouse under similar conditions (20-25 • C) in pots of 10-20 cm in diameter and were more than 6 weeks old when flowers were collected for analyses. All species were propagated from seeds, except L. maculatus and L. berthelotii, which were purchased from commercial nurseries in Vancouver, Canada. They were grown under the same environmental conditions as the three bee-pollinated species mentioned above, except for the provision of a vernalization period of 30 days in order to induce flowering. Seeds of L. sessilifolius var. pentaphyllus were collected from the field in Playa San Juan Guía de Isora, Tenerife in 2008. Flower material was also collected from cultivated plants of L. berthelotii and L. maculatus in the "Jardin Canario Viera y Clavijo" following the procedure described above. For those species with a flower color change, RNA was extracted from the same developmental stage (stage 13) when flowers are just open and without color changes (prechange) and also just after flowers commence visible color modification (postchange). Details of the floral developmental stages are published elsewhere (Ojeda et al., 2012a,b) . Each type of petal (standard, wings, keel) was collected and analyzed separately in all the five species described above.
In addition, two earlier developmental stages (stages 10 and 7; Ojeda et al., 2012a,b) were analyzed for two species, L. japonicus and L. berthelotii with the purpose of characterizing the early gene expression of the same set of genes. RNA was extracted using the Pure Link TM Plant RNA Reagent from Invitrogen following the manufacturer's protocol. RNA was treated with DNAse, visualized on an agarose gel (2%) and its concentration measured using a Nanodrop spectrophotometer (ND-1000 Spectrophotometer, Thermo Scientific). RNA was converted to cDNA using similar amount of RNA across all the samples using the RevertAid TM H Minus First Strand cDNA Synthesis Kit from Fermentas using a random hexamer primer according to manufacturer's protocol. Genomic contamination was assessed using the CYCLOIDEA 2 (LjCYC2) intron in L. japonicus. The initial amount of cDNA was adjusted for each sample analyzed and an internal control of endogenous expression was assessed by the constitutive expression of L. japonicus Ubiquitin (LjUbi) using LjUbiF/R (Feng et al., 2006) .
In this study we analyzed the expression of three genes from the anthocyanin biosynthetic pathway, dihydrofavonol 4-reductase (DFR), anthocyanin synthase (ANS) and O-methyltransferase (OMT). These genes were selected because they have been previously characterized in the model L. japonicus or other legumes, which facilitated primer design from conserved regions. Additional genes Six DFR copies (DFR1, 2, 3, 4a/b, 5) have been reported in the L. japonicus genome and in this analysis we only included four, as the two DFR4 copies lack detectable functional activity in L. japonicus. New specific primers were designed for four of the DFR copies previously isolated in L. japonicus (Shimada et al., 2005) . A conserved region of the ANS gene was amplified using a primer pair designed from a conserved region of the ANS from three species: L. corniculatus (AY028931) based on a partial cds (Paolocci et al., 2005) , L. japonicus (chromosome 2, Miyakogusa.jp accession No. CM0304.350.nc) and Glycine max mRNA complete cds (EU334548). This gene has not been fully characterized in L. japonicus and in this analysis we amplified a conserved region, therefore we were not able to determine the number of copies of this gene in the species we analyzed. A specific primer pair was designed from a conserved region based on a previously published sequences from G. max (TIGR accession TC190220) (Kim et al., 2006) , Medicago sativa CCOMT (U20736) and the best hit we found from the L. japonicus genome for this gene (chr. 4, CMO 227.500.nc+ phase). This particular copy of OMT was found to be specific for the conversion of quercetin to isorhamnetin in G. max (Kim et al., 2006) . Primer sequences, expected size and annealing temperatures are reported in Table 2 .
Results
Evolution of flower color change in Macaronesian Lotus
Within Macaronesian Lotus, we found that 21 (58%) of the species sampled have the ability to modify flower color after anthesis. Flowers at anthesis (prechange) are always yellow or cream in all bee-pollinated species, and postchange flowers are either red (8 spp), purple (6 spp), brown (4 spp), orange (2 spp) or pink (1 spp) (Fig. 2) . The ability to change flower color after anthesis appears to be derived and it has evolved at least three times within this group. Notably, the bee-pollinated species that are most closely related to the putatively bird-pollinated Lotus have a flower color change to red after anthesis. Although the majority of the putatively bird-pollinated group is uniformly red or red/orange during development, the ability to modify flower color is still retained in L. pyranthus, which starts out orange and deepens to reddish-orange after anthesis (Fig. 2E) . Flower reflectance and color change perception
Our measurements included the three types of petals, dorsal, lateral and ventral, within each flower. We did not find differences in the reflectance measurements within the same petal of the same species. The results described below correspond to the dorsal petal only. Yellow flowers have at least three different major reflectance types (Table 3 ). The species typically have a reflectance peak above 500 nm (Fig. 3A-C) . Seven species also have a UV peak in the reflectance spectrum. Prechange and postchange flowers within the same plant species have different reflectance spectrum, with the postchange reflectance peak shifted toward the red part of the spectrum and a slight reduction in the UV region (Table 3 , Fig. 3B and C) . We found that flowers with deep purple colors tend to have a reflectance peak above 600 nm, while red-orange flowers have a peak above 500 nm. We also found that the presence of a UV 
peak is more common on those species with yellow flowers that lack postchange color (Table 3) . The putatively bird-pollinated species L. maculatus and L. pyranthus have reflectance in the action spectra of the bird green and red visual receptors. Lotus pyranthus has an additional UV peak in early anthesis orange flowers (older flowers turn redder but still maintain the UV peak). The other two putatively bird-pollinated species (L. berthelotii and L. eremiticus) have a reflectance peak restricted to the red receptor (above 600 nm) and are thus likely to be poorly distinguished from the green foliage background by bees (Fig. 3D) .
Petal pigment composition in Lotus
The flavonoids identified suggest that two branches of the anthocyanin pathway, the cyanidin and delphinidin branches are active at anthesis in flowers of the Macaronesian Lotus (section Pedrosia). We did not find any anthocyanidin derivatives of the pelargonidin branch (with a dihydrokaempferol precursor) in any of the species analyzed. We conclude that the pelargonidin branch of the anthocyanin biosynthetic pathway is not active in flowers of any of the sections of Lotus tested. Additionally, we identified three Table 4 Relative amount of flavonoids (anthocyanins and flavonols) in bee-and putatively bird-pollinated species. The values in brackets correspond to the relative amount of pigment after color change. Fig. 3 . Reflectance of yellow bee-pollinated flowers that do not change flower color (A) Lotus campylocladus with a UV peak (u+ b− g+ r+), species that modify flower color after anthesis (B) L. latifolius (yellow and red flowers), (C) L. sessilifolius subsp. sessilifolius (yellow and red flowers), and (d) reflectance of L. berthelotii, a putatively birdpollinated species with red flowers. Spectral range and peaks of spectral sensitivity (triangles) in (1) a bumblebee, Bombus terrestris (Peitsch et al., 1992) , (2) the hummingbird Archilochus colubris (Chen and Goldsmith, 1986) , and (3) human color vision (Bowmaker and Dartnall, 1980) . A thick black bar indicates the sensitivity range. u = UV receptor, b = blue receptor, g = green receptor, and r = red receptor. The symbols '+' indicates the light reflected stimulates the receptor, '/' indicates a partial reduction, and '−' indicates a lack of light reflected on the sensitivity range of each receptor. Bars around individual measurements represent standard deviation. "Green", "UV green" and "uncolored" correspond to bee color perception. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) different flavonols (or their derivatives): kaempferol, quercetin, and isorhamnetin. These were present (in various amounts) in all species we analyzed.
Pigments in yellow flowers without post-anthesis flower color modification
Yellow flowers of these species (5 spp analyzed) contain a mixture of flavonols (mainly isorhamnetin) and traces of anthocyanin pigments. We found delphinidin and cyanidin in three out of five species analyzed, which suggests that these branches are active even in species that do not change flower color after anthesis. However, the amount of anthocyanin pigment in these five species is minimal compared to the flavonols, which are present in large amounts (Table 4) . Additionally, the fact that these pigments were found in non-methylated forms indicates a lack of pathway progression down these biosynthetic branches to methylated derivatives (Fig. 4A) .
Pigments in yellow-flowered species that modify flower color after anthesis
Yellow flowers (prechange) have a composition of flavonols (mainly isorhamnetin) similar to that in species that do not modify flower color, but the relative amount of delphinidin and cyanidin is greater (Fig. 4B) further anthocyanidin pathway progression occurs. In addition to delphinidin and cyanidin, we found methylated derivatives, i.e. peonidin, malvidin and petunidin, in these species. The pigment composition of these postchange flowers varied consistently with the color of each species. Purple and pink flowers tend to have more derivatives of the delphinidin branch while red and orange flowers have more derivatives of the cyanidin branch. The closest relatives of the putatively bird-pollinated flowers (L. sessilifolius, L. arinagensis and L. mascaensis) have a color change to red flowers in late anthesis. In these species, all five anthocyanins detected in the putatively bird-pollinated species (cyanidin, delphinidin, malvidin, peonidin, petunidin) were already present in the yellow flowers, but their amounts increased substantially during flower color modification (postchange flowers) ( Fig. 4B and C) ( Table 4) .
Pigments in red/orange, putatively bird-pollinated species
This group of species (4 spp.) contains abundant cyanidin derivatives, and the main flavonol is quercetin (rather than isorhamnetin) (Fig. 4D, Table 4) . But, the same branches of the anthocyanin pathway are active, and flavonols still contribute to pigment composition in these species. However, the main flux of flavonoid production is toward anthocyanins, particularly the cyanidin and delphinidin branches of the anthocyanin pathway. All flavonol production is reduced, but this is especially marked in the case of isorhamnetin, a derivative of quercetin. Thus, the transition from bee-to the putatively bird-pollinated species in this group appears to involve a quantitative re-direction of pigment production from flavonols to anthocyanins (Figs. 4 and 5) , similar to but greater than the re-direction during post-anthesis change in bee-pollinated species.
Gene expression comparisons during flower color modification
Five of the structural enzymes we examined are expressed at late developmental stages at least in one species. We did not find any expression of DFR3 (Fig. 6) in any of the species tested. Two genes, ANS and DFR1, are expressed uniformly in all species. DFR2 is not expressed in the putatively bird-pollinated species but was expressed in all other species. DFR5 is not expressed in species of section Lotus (L. japonicus and L. filicaulis) but is strongly expressed in all other species sampled (section Pedrosia + the "rhyncholotus group"). OMT has a reduced expression in late developmental stages in the putatively bird-pollinated species (lateral and ventral petals), but it is expressed at earlier developmental stages in the putatively bird-pollinated species tested, L. berthelotii (Fig. 6 and Fig. S1 ).
Discussion
Flower color change as a possible exaptation in the evolution of ornithophily in Lotus From observations of close relatives (Figs. 1H and 2D) , the ancestor of the putatively Canarian bird-pollinated species likely had red flowers in late anthesis, which might have been an exaptation (Gould and Vrba, 1982) facilitating the evolution of this pollination syndrome in these islands. The entomophilous ancestors already had the capacity to produce the pigments (cyanidin and delphinidin derivatives) observed in these putatively bird-pollinated species. Thus, the evolution of red/orange colors might only have required a heterochronic shift from late (facultative) to early (constitutive) anthocyanin pigmentation.
Our character mapping analysis suggests that the ability to modify flower color after anthesis has independently evolved three times within the Macaronesian Lotus group (Fig. 2) . However, the flower features associated with bird pollination evolved relatively recently in only one of these clades (Ojeda et al., 2012a,b) . Thus, although flower color change may have been a prerequisite that facilitated the evolution of this flower morphology, additional conditions may have been required for the evolution of this pollination syndrome in only this clade. Such conditions may be ecological, as for instance the availability of new habitats in Tenerife and La Palma islands due to volcanic activity (Ojeda et al., 2012b) .
Flower color change is not a unique feature of Lotus section Pedrosia, as it has been reported in at least in 20% of angiosperm families. It has previously been reported in at least 25 genera within (2) down regulation of the delphinidin branch and (3) down regulation of flavonol production with a subsequent modification of flavonol composition. The gray square indicates the branch of the anthocyanin pathway with the main pigment production in the putatively bird-pollinated species. The OMT we used in this study was isolated on the basis of an isorhamnetin-specific gene in Glycine (Kim et al., 2006) . OMT is also involved in the conversion of cyanidin to peonidin, delphinidin to petunidin, and delphinidin to malvidin, but it is possible that different copies of OMT are involved. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
legumes (Weiss, 1995) , including Lupinus (Gori, 1983) , Caesalpinea (Cruden and Hermann-Parker, 1979) , Syrmatium Cruzan, 1982, 1999) , Desmodium (Willmer et al., 2009 ) and in another four species within Lotus (Weiss, 1995) . It might be of interest to examine whether the evolution of bird pollination in other genera within Leguminosae, and in other families, may have been facilitated by this characteristic.
Color change in flowers as a bee deterrence mechanism
What is the fitness advantage for a particular species to modify flower color after anthesis? Although we have no empirical data from these insular Lotus, there is substantial empirical evidence that an increase in insect visitation rate, fruit set and pollinator foraging efficiency accompanies late-anthesis color change in many species (Jones and Cruzan, 1982; Oberrath and Böhning-Gaese, 1999; Willmer et al., 2009) . Postchange late-anthesis flowers may still contribute to the overall floral display and attract pollinators at long distance; but at short range, prechange unpollinated flowers (with reward) can be distinguished from postchange, probably pollinated flowers (without reward). Pollinator activity is therefore directed efficiently toward those flowers less likely to have been pollinated. Additional floral changes (such as flower orientation, size, shape and odor production) may act in conjunction with color modifications (Eisikowitch and Rotem, 1987; Raguso, 2004; Willmer et al., 2009) , and it is likely that all these floral alterations after anthesis are an integrated system to increase foraging efficiency at least in some plant species (Raguso, 2008) .
Color change in Lotus flowers is likely to be perceived by bees
Our petal reflectance data in Lotus (Table 3) suggests that floral color change in Macaronesian Lotus within the same species causes differential reflectance that will stimulate different receptors in the pollinators. The different floral stages are thus likely to be perceived differently by the insect visual system. Most hymenopteran species analyzed to date have trichromatic color vision with three types of spectral sensitivity, for example for Apis mellifera: UV-A (S-receptor; max = 340 nm), blue (M-receptor; max = 430 nm) and green (L-receptor; max = 535 nm) receptors (Menzel and Backhaus, 1991) . These insects do not react to reflectance peaks above 585 nm (Chittka et al., 1994; Briscoe and Chittka, 2001) , and red flowers with peaks above 585 will not stand out from the green foliage (but see Schikora et al., 2002; Skorupski et al., 2007) . These postchange floral color modifications involve a shift away from the green wavelength detected by the L-receptor of insects ( Fig. 3B and C) . Furthermore, in those species with prechange UV reflection there is a reduction of UV (S-receptor) in postchange flowers (MartinezHarms et al., 2010) . The presence of a UV peak in some species indicates that Lotus flowers that look the same to the human eye (yellow) (Bowmaker and Dartnall, 1980) are of at least three types to bees (Table 3) . These three types are: UV- green, green and blue-green. Two of these types, UV-green and blue-green, have not been reported previously in Lotus (Floral Reflectance Database, FreD: http://reflectance.co.uk/new/) (Arnold et al., 2010) .
Red/orange color in the putatively bird-pollinated Lotus may have evolved as an anti-bee and pro-bird strategy
In general, red bird-pollinated flowers tend to have reflectance peaks above 585 nm, and do not reflect at any wavelength detectable to most bees (Chittka and Waser, 1997; Briscoe and Chittka, 2001; Martinez-Harms et al., 2010) . Thus, red birdpollinated flowers are more difficult for insects to distinguish from the plant foliage (as background) which reflects in several wavelengths visible to bees (Chittka and Waser, 1997) , and they will not stand out. The same is true for the putatively bird-pollinated Lotus. A previous study has reported the reflectance of L. berthelotii (Ollerton et al., 2009) , which has the typical reflectance spectrum of a bird-pollinated flower (Chittka et al., 1994; Altshuler, 2003; Martinez-Harms et al., 2010) . Our results indicate that only two out of the four putatively bird-pollinated species (L. berthelotii and L. eremiticus) have this pattern, which lacks reflectance in the UV and blue, and has a peak in the red range above 585 nm (Fig. 3D) . The other two putatively bird-pollinated species (L. maculatus and L. pyranthus) do have some reflectance in wavelengths perceived by the green visual receptor, and are similar in that regard to the bee-pollinated yellow flowers after late-anthesis color change to red (Table 3 ). This provides a link between the two flower types, which may be significant in understanding the evolution of bird pollination in the group.
Birds have a more sophisticated visual system than hymenopterans. They have four photoreceptor sensitivities (VS, S, M and L) and cone oil droplets that enhance their vision (Chen and Goldsmith, 1986; Hart et al., 2000) . It has been proposed before (Raven, 1972 ) that red coloration evolved in some plant groups as an adaptation to exclude bees. Birds seem to lack an innate preference for red colors (Grant and Grant, 1968; Lunau and Maier, 1995) , but several experiments have shown that they quickly associate floral reward with particular colors (Grant, 1966; Gottsberger, 1971) . Our reflectance analyses therefore suggest that red/orange-pigmented flowers in the four rhyncholotus species might have evolved to deter bees (anti-bee) as much as to be an advertisement to birds (pro-bird). They have less UV reflectance than the bee-pollinated Lotus species, and similar observation have been made on hummingbird flowers in the neotropics (Lunau et al., 2011) . These Lotus flowers also have other traits that may function more as anti-bee features than pro-bird features. The putatively bird-pollinated species have dilute nectar composed mainly of hexose sugars , which is more difficult to evaporate into honey and it is less efficient from an energetic point of view. They also lack papillose conical cells on the petal epidermal surface exposed to pollinators (Ojeda et al., 2012a,b) , which make the surface more difficult to grip (Whitney et al., 2009 (Whitney et al., , 2011 . of the anthocyanin biosynthetic pathway (Scogin and Freeman, 1987; Zufall and Rausher, 2003; Rausher, 2008; Streisfeld and Rausher, 2009; Smith and Rausher, 2011) . Unlike other plant groups analyzed before, the transition in Lotus from bee-(yellow/cream) to putatively bird-(red/orange) pollinated flowers does not seem to involve novel inactivation or activation of branches of the anthocyanin pathway. Rather, this transition involved the increased production of derivatives of the dihydroquercetin precursor in the putatively bird-pollinated species that were already present in the closest relative bee-pollinated species, partly at the expense of flavonol production. Flavonoid biosynthesis in Lotus is through dihydroflavonols, such as dihydroquercetin (DHQ) which is a precursor of both flavonols (quercetin and isorhamnetin) and anthocyanins (cyanidin), depending of the enzyme systems active (Grotewold, 2006; Tanaka et al., 2008) . Therefore, at the biochemical level, the transition in flower color appears to involve the re-direction of pathway flux toward the cyanidin branch, which is the main anthocyanin observed in the putatively bird-pollinated flowers (Fig. 4D) . On the other hand, the flavonols kaempferol and isorhamnetin are greatly reduced in bird-pollinated flowers, and have a relatively minor contribution to the overall flavonoid composition in comparison to bee-pollinated flowers (Fig. 4) . It may be that this redirection of flux results from a small but significant shift in the balance of competition for substrates by enzymes in these branches. Flower color change both developmental (prechange and postchange), and evolutionary (pollinator shifts) therefore appears to result from modified flux into already active branches in the anthocyanin pathway; pigment production is re-directed toward the cyanidin and delphinidin branches instead of toward flavonols, which decrease.
Our gene expression data from mature flowers in the two species groups also indicates that the genes required, ANS, DFR and OMT, for the production of these pigments are active in both bee and putatively bird-pollinated species (Fig. 6 ). Gene expression analyses of earlier developmental stages in L. japonicus and L. berthelotii also confirm that these genes in the anthocyanin metabolic pathway are active in early flower developmental stages in both species (Fig. S1 ). Our results confirm that one copy of DFR (DFR3) is not expressed in floral tissue of any species, and is likely to be expressed only vegetatively as previously reported (Shimada et al., 2005) . Our results also indicate that the pelargonidin branch is not active in the petals of the species sampled, as no anthocyanidin derivatives of the dihydrokaempferol were observed. These results are consistent with a previous report, which indicates that the pelargonidin branch is not active in stems of L. japonicus (Shimada et al., 2005) . Additional genes not explored in this study, such as flavonol synthase (FLS), will be of particular interest, as well as to examine definitely whether ANS and OMT are single or multi-copy in the various species of Lotus, and to further characterize their particular roles in the color modifications of this group.
Concluding remarks
Our results show that the four putatively bird-pollinated Macaronesian Lotus evolved within a group of entomophilous species which already have the capacity to produce the anthocyanin cyanidin and delphinidin derivatives. The shift in flower color between the two pollination syndromes therefore only involved a redirection of pigment production toward anthocyanin, rather the activation or inactivation of new branches within the anthocyanidin pathway.
Pigment changes after flower anthesis evolved independently at least three times in Macaronesian Lotus, probably as an aid to deter bees from visiting already pollinated flowers, and so increase pollinator foraging efficiency in the bee-pollinated species. Consistent with this, our spectral reflectance data indicates that modifications in pigment composition between prechange and postchange flowers in bee-pollinated species are likely to be perceived differently by the insect visual system. Later, this trait appears to have been co-opted and amplified in the four birdpollinated species to produce the characteristic red/orange flowers of this group. Post-anthesis color change may therefore be a preadaptation (exaptation), facilitating the shift to bird pollination by providing the same function (deterrence of bee visitation) in a different context. 
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